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The more advanced the symbolic mathematics, the more impenetrable the
meaning. This is particularly evident in quantum theory, where symbolic
formalisms foreground states and objects. An alternative diagrammatic approach,
Quantum Picturalism (QPic), privileges structure, relation, and transformation. As
a category theoretic formalism, it supports reasoning through the composition
of visually represented quantum processes, a distinction that not only concerns
representation but also shapes how quantum phenomena are conceptualized,
opening new educational possibilities and ways of knowing. The choice of
formalism—algebraic or diagrammatic—is not neutral, but embodies underlying
ontological commitments that shape which structural features of quantum
phenomena—such as states vs. relations; objects vs. transformations—are
made accessible. This paper examines the epistemological, cognitive, and
educational significance of non-symbolic thought in mathematics, and in
quantum mechanics in particular, using QPic as a guiding example. We raise
a central question: can quantum processes be represented in ways that align
more naturally with human cognition? What is new here is showing how the
epistemological and cognitive aspects of non-symbolic formalism are brought
into pedagogical practice. Such paradigm largely benefits from the language
of thought hypothesis alongside theories of embodied cognition, dual coding,
and conceptual metaphor theory to articulate a holistic framework in which
multiple, interacting conceptual systems underpin understanding. Drawing on
historical precedents—from Euclidean geometry to Leibniz's universal calculus
of thought—we contend that human intuition works more naturally within
relational and visual frameworks, particularly those that help complex ideas to
be seen and manipulated as structured wholes. The broader impact of this
paradigm lies in democratizing access to quantum innovation and rethinking
what it means to understand the quantum world, offering an inclusive entry point
into it.

KEYWORDS

cognition, diagrammatic formalisms, education, epistemology, mathematics, Quantum
Picturalism, quantum education, quantum theory
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1 Introduction

Quantum theory is one of the most sophisticated scientific
theories ever invented, and the bedrock of many key technological
advances in modern civilization. Yet it remains one of the most
conceptually profound and pedagogically inaccessible areas of
modern science. This difficulty stems largely from traditional
approaches grounded in abstract algebraic formalism, which offer
precision but limited cognitive transparency. As a result, access to
quantum theory is often restricted, creating barriers that exclude
many potential learners and constrain deeper understanding and
creative thinking.

This is not just a pedagogical
representational one. The formalisms through which we reason

shortcoming but a

are not neutral; they shape how we compute, and more crucially,
what—and when—we are able to conceive. When structure remains
implicit, symbolic fluency can be achieved without corresponding
conceptual access.

The challenge is particularly consequential in the context of the
emerging second quantum revolution—one that goes far beyond
enabling innovations like MRI, lasers, navigation systems, or
transistors. Today, quantum technologies are poised to transform
computation, sensing, communication, artificial intelligence (AI),
bioengineering, semiconductors, future telecoms and much more.
Given the scale of these developments, the challenge is both
to broaden access to quantum knowledge and also to make its
underlying structures cognitively accessible.

One key obstacle to unlocking the real-world potential of
this powerful, theory-driven field—especially at a scale that could
shape society and culture—is a simple fact: quantum theory is
a very difficult study. Traditional approaches to teaching the
foundations of this theory involve complex vector spaces (Hilbert
spaces), matrix algebra, differential equations, complex numbers,
probability theory, and so on.

These mathematical requirements create significant barriers
for young students precisely at the stage when key educational
and career decisions are made. In England, Wales, and Northern
Ireland, matrices are taught only within Further Mathematics, a
subject taken by just 4.7% of A-level students in state schools in

2021 (The Office of Qualifications and Examinations Regulation,
2016; Mau, 2023). In Scotland, matrices appear only
in Advanced Higher Mathematics, a qualification taken

by more than ten times fewer students than National 5
(Scottish Qualifications Authority, 2019, 2024).
National examination reports further indicate that students taking

Mathematics

Advanced Higher Mathematics perform particularly poorly on
matrix multiplication (Scottish Qualifications Authority, 2023).
Taken together, these figures show how limited access to
advanced mathematics significantly restricts early engagement
with quantum theory and QIST topics, reinforcing structural
barriers long before students encounter quantum content at
university level (Diindar-Coecke et al., 2025). Beyond its theoretical
complexity, practical engagement with quantum field requires
a high-level of technical expertise. This includes proficiency
in programming, the ability to work with specialized tolls
and computational frameworks, and the use of optimization
industrial

tools developed within advanced research and
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environments—skills that often concentrated within commercial
companies and specialized institutions.

While universities have struggled to keep pace with this
rapidly evolving quantum industry, teaching quantum mechanics
is typically reserved for physics undergraduates; even final year
electives usually offer little more than a basic introduction. Most
quantum computing experts, for example, usually have at least
an MSc in quantum computing and/or a PhD in the topic or
related ones (such as quantum foundations). All these prerequisites
are an extremely narrow funnel; additionally, the particular set
of hoops to make it to a quantum computing career comes
with several biases, which narrow down the available human
potential for such careers. In line with this, traditional approaches
to teaching quantum theory often cater to mathematically gifted
students, following what could be described as a “cognitive
elitist” path.

There is, however, an alternative approach which provides
a visual and intuitive framework, alleviating many of the
traditional mathematical hurdles (especially multi-linear algebra)
in physics education. Roger Penrose developed a diagrammatic
calculus for multi-linear algebra (tensors), depicted in Figure 1.
What Penrose did to revolutionize computing physical processes
involving spin, has inspired a fully comprehensive and complete
formalism for physical processes involving quantum systems that
is now called Quantum Picturalism (QPic) (Coecke, 2006, 2010;
Abramsky and Coecke, 2009). It is used as a tool to streamline
quantum operations into intuitive visual representations.

At the heart of QPics framework lies the ZX calculus,
introduced by Coecke and Duncan (2008, 2011), which provides a
rigorous yet intuitive approach to teaching and research through
diagrammatic reasoning for quantum computation. Recent work
has moreover achieved embedding of Penrose’s spin diagrams
into the ZX-calculus for all finite-dimensional quantum systems,
elevating the applications of diagrammatic calculi to beyond that
of purely qubit-based or purely spin-based systems (Wang et al.,
2025).

Since then, the ZX calculus has proven highly versatile and
has been widely adopted in both academic research and industry,
with major quantum computing companies—such as Google,
PsiQuantum, IBM, and Quantinuum—actively using it to design,
optimize, and verify quantum algorithms. Its applications are
diverse and impactful, particularly in the key industry use cases
summarized in Table 1.

Beyond quantum-specific applications, the category-theoretic
foundations share structural similarities with graphical methods in
other fields, including linguistics (Coecke, 2020; Coecke et al., 2010;
Sadrzadeh, 2017), computer science (Coecke et al., 2013), machine
learning (Gavranovi¢, 2024; Koziell-Pipe et al., 2024), electronics
(Boisseau and Sobocinski, 2021), game theory (Ghani et al., 2018),
and control theory (Bonchi et al., 2021).

While the ZX-calculus has demonstrated wide-ranging
applications across diverse domains, its potential as a pedagogical
and cognitive scaffold was first systematically examined in a
2023 pilot study, investigating whether quantum theory could
fall within the zone of proximal development (ZPD) of high-
school students when supported by QPic. The study involved
54 UK state-school students, randomly selected from a pool
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FIGURE 1

reasoning about spins, i.e., angular momenta (Penrose, 1971).

Roger Penrose was awarded the 2020 Nobel Prize in Physics for “propos(ing] critical mathematical tools to describe black holes” (Prize, 2020). These
diagrams are from his paper in 1971 which introduced his now celebrated Penrose graphical notation—also known as tensor diagram notation—for

TABLE 1 Applications and use cases of ZX across fields and industries.

B Quantum compilation and optimization

B Quantum natural language processing and Artificial

intelligence

ZX diagrams allow researchers to simplify and restructure quantum circuits visually,
reducing gate counts and improving computational efficiency without resorting to
complex algebraic manipulations (Coecke and Kissinger, 2017;

Kissinger and van de Wetering, 2019a; de Beaudrap et al., 2020;

Kissinger and van de Wetering, 2025), compile for more expressive quantum
operations such as scalable notations (Carette et al., 2019), higher-dimensional

quantum systems Yeh (2026), continuous-variable quantum

computation (Shaikh et al., 2024), and dynamic protocols (de Felice et al., 2026).

The calculus makes explicit the structural relationships between entanglement,
measurement, and classical communication, streamlining the design and analysis of
measurement-driven computation protocols (Coecke and Duncan, 2008;

Duncan and Perdrix, 2009; Kissinger and van de Wetering, 2019b; Backens et al.,
2021; McElvanney and Backens, 2023).

B Quantum foundations

ZX diagrams provide a visually intuitive framework for exploring fundamental
quantum phenomena such as contextuality and non-locality, offering conceptual
insights that complement formal and algebraic proofs (Coecke and Kissinger, 2017;

Backens and Nabi Duman, 2015; Coecke et al., 2011; Pinzani et al., 2019).

Diagrammatic representations enable the mapping of linguistic structures onto
quantum circuits, supporting quantum-assisted language understanding. Recent
work demonstrates QPic’s applicability to quantum-enabled explainable AI,
where diagrammatic structures help translate complex quantum computations
into forms interpretable by humans, bridging theory and practical applications
(Coecke et al., 2020; Lorenz et al., 2023; Laakkonen et al., 2024; Duneau et al.,
2024; Tull et al., 2024).

B Measurement-based quantum computing B Quantum simulation

Complex simulations of quantum chemistry and physics systems can be
expressed in the ZX-calculus (Shaikh et al., 2023), capturing interactions between
qubits and bosons (de Felice et al., 2023), fermions McDowall-Rose et al. (2025),
and spins (East et al., 2022; Wang et al., 2025).

B Quantum error correction

By representing error syndromes and correction protocols diagrammatically, ZX
calculus enables more intuitive design, analysis, and verification of fault-tolerant
quantum circuits (de Beaudrap and Horsman, 2020; Gidney and Fowler, 2019;
Huang et al., 2023; Townsend-Teague et al., 2023; Bombin et al., 2024;

Rodatz et al., 2024).

of 734 applicants, who completed an 8-week online program
comprising 2-h weekly sessions delivered by seven qualified tutors
under the supervision of three professors from the University
of Oxford and Quantinuum. The course was designed to test
whether QPic could lower the technical threshold typically
associated with formal quantum education, enabling learners to
both comprehend and apply core quantum concepts in novel
problem-solving contexts, and closely mirrored the Picturing
Quantum Processes module taught to undergraduates in the
University of Oxford’s Department of Computer Science, ensuring

Frontiersin Cognition 03

content fidelity and conceptual equivalence. Instruction combined
guided visual reasoning with structured assessments to measure
conceptual understanding and cognitive transfer. Outcomes
exceeded expectations: 82% of participants passed the final
assessment and 48% achieved distinction-level performance,
while post-course surveys revealed increased motivation to
pursue further study or careers in QIST. Together, these results
constitute the first rigorous empirical evidence from a controlled,
multi-tutor experimental framework demonstrating the efficacy
of a diagrammatic pedagogy for quantum learning, with full
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methodological ~details (Diindar-Coecke et al.,
2025).

Moving forward, the objective of this paper is to provide cross-

reported in

disciplinary insights into how this pictorial formalisms can bridge
physics, computation, logic, linguistics, and cognitive science.
This has promising sociocultural implications in demonstrating
that reasoning patterns in one domain can inform and enrich
approaches in others. This work is intended for audiences
across three perspectives: philosophy of physics and mathematics
(Section 2), cognitive science (Section 3), and science education
(Section 4). From here onwards, the paper is organized into sections
from the viewpoint of each of these three disciplines respectively,
followed by concluding with discussion in Section 5.

2 The epistemological value of
diagrammatic mathematics for
learning quantum

Traditionally, mathematics—encompassing domains such as
arithmetic, algebra, and geometry—has been practiced within
an analytical paradigm that privileges abstraction, symbolic
manipulation, and decomposition. Within this framework,
complex systems are typically approached by breaking them into
independent parts and reconstructing their behavior through
formal rules and laws. This approach has proven remarkably
effective for modeling many physical phenomena, particularly
where systems can be treated as collections of well-defined
components.

However, this framework becomes less straightforward when
applied to systems whose behavior is fundamentally relational.
In such cases, the properties of the whole do not arise from the
parts in isolation, but from the structure of their interactions. A
familiar example is weather systems; they cannot be understood
by analyzing isolated variables such as temperature or pressure
independently; rather, large-scale patterns emerge from the
complex interactions between atmospheric components, making
relational structure central to explanation. Quantum systems
present this challenge in a more fundamental form because
their behavior is inherently relational and resists reduction to
independently specified parts. In such cases, the meaning of a
system’s state depends on its interactions and context, rather than
being fully specified in isolation.

Although such fundamentally relational systems can be
observed in several contexts, our cognition has been shaped
through everyday interaction with a largely classical physical
world, so it naturally rebels against the counterintuitive features
of quantum theory. It is therefore natural to ask; how do humans,
as cognitive agents, come to learn and reason about non-classical
world, and how do we acquire the mathematical frameworks
developed to describe it?

Several epistemological frameworks from the philosophy of
science offer insights into this question. Among them, Popper’s
tripartite ontology of knowledge (Popper, 1972) and Hilbert’s
formalism are particularly relevant—not as competing accounts
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of physical reality, but as lenses for examining how mathematical
knowledge is represented and structured.

Popper’s tripartite ontology of knowledge (Popper, 1972)
provides a useful lens for understanding how mathematical
knowledge operates across different domains of reality: World
1 encompasses the physical realm—the tangible environment
in which human beings exist, including neural systems, written
symbols, and instruments. World 2 refers to the inner domain
of subjective experience—perception, imagination, intuition,
reasoning, and emotion. World 3, by contrast, consists of the
products of thought that have achieved a form of objectivity:
language, theories, artistic works, mathematics. In this view, the
process of learning mathematics is a dynamic interplay among
these three worlds. Human cognition (World 2) engages with
mathematical artifacts (World 3) through reasoning, symbolic
manipulation, and imagination, while being continuously
grounded in the material and social realities of World 1—the
physical act of writing equations, the use of visual aids, and
participation in educational or cultural contexts.

Popper’s framework assigns mathematics an objective
yet human-centered status, and holds contrasting view to
Platonist accounts, which treat mathematical entities as existing
independently of the human mind in an abstract, non-physical
realm. On the Platonist view, defended by proponents such as
Kurt Godel (Godel, 1947), mathematical knowledge consists in the
discovery of pre-existing entities rather than their invention. While
this view has intuitive appeal, particularly in theoretical physics,
it faces what Benacerraf (1973) called the ’epistemological access
problem’: If mathematical objects exist outside space and time,
how can human beings, as finite, embodied, spatiotemporal agents,
come to know them?

Abandoning mind-independent mathematics does not, in itself,
resolve the problem of access because the question is actually how
meaning is accessed within formal systems. Hilbert's Formalism
offers a well-accepted response by grounding mathematics as
a self-contained system of symbols manipulated according to
syntactic rules. Within this framework, mathematical truth is
defined by formal derivability from axioms. Regarding the access
problem, learning is often achieved through mastering symbolic
manipulation within formal systems (e.g., a proposition is true if
it follows logically from a set of axioms through valid inference).
Learning mathematics, then, becomes the mastery of symbolic
manipulations (procedural fluency) when operated correctly within
a formal system, long before the discovery of meaning. In
the context of quantum theory, formalism offers a rigorous
mathematical framework in which a system’s state is represented
by a vector (the wave function) in Hilbert space, observables as
operators, and measurement outcomes as probabilistic projections.
Here, understanding of a quantum system is often reduced to
procedural fluency with vectors, operators, and transformations,
with limited representational access to the underlying relational
structure.

While Hilbert formalism ensures precision and consistency,
procedural fluency in symbolic manipulation does not guarantee
access to the underlying structures those symbols encode. In
quantum theory many central features resist straightforward
reduction to independently specifiable parts. Entanglement, for
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example, shows that relational structure is not just a derived
property but fundamental to the formalism: the behavior of a
comnposite system cannot, in general, be reconstructed from its
components alone. Within Hilbert space, one begins by assuming
that systems have states represented as vectors and that their
combinations follow tensorial rules. In quantum reality, however,
the parts cannot be treated independently: the whole cannot be
reconstructed just as the sum of its constituents (Aerts and Coecke,
1999).

The key issue here is not the choice of formalism, but
how meaning is accessed within a representational system. In
many contexts, knowing is equated with possessing a correct and
consistent representation—symbolic or otherwise—and being able
to manipulate it according to well-defined rules. However, such
procedural competence does not necessarily ensure conceptual
understanding. From an access-oriented perspective, knowledge
involves more than the application of formal operations; it requires
the ability to construct, interpret, and relate structural elements
encoded in a representation. In this sense, the shift is toward
accessible knowledge—the capacity to work with how elements
compose and relate—a view that aligns with enactive approaches
(e.g., Varela et al.,, 2016), in which understanding emerges through
active engagement with structured environments.

This finds a
diagrammatic approaches to quantum theory. In Quantum

perspective natural correspondence in
Picturalism, diagrams function as a formal, rule-governed
representational language that makes the compositional structure
2011;

Coecke and Kissinger, 2017). Instead of decomposing systems

of quantum processes explicit (Coecke and Duncan,
into independent parts, this pictorial approach treats processes
as morphisms between systems, privileging connectivity and
transformation over objecthood. This marks a shift from knowing
through formal symbols, as in Hilbert’s abstraction, to knowing
through composable processes, adopting an enactivist perspective,
where knowledge becomes a language of composable relations—a
mode of understanding rooted in creation rather than passive
observation.

In quantum theory, this approach is captured by process
theories, formulated via category theory (Abramsky and Coecke,
2004; Coecke and Kissinger, 2017). A process theory is a
mathematical and conceptual framework in which processes—
transformations, interactions, and dynamics—are taken as
primitive, while systems are defined by the roles they play as
inputs and outputs of these processes. Central structural features of

process theories include:

e Sequential composition: doing process f then g process yields
a composite process g o f.

e Parallel composition / tensoring: processes may occur
independently or in parallel.

o Identity / trivial processes: there is a no-op process that does
nothing to a system.

e Symmetries or causal constraints: processes can have inputs
and outputs; there may be constraints like “no-signaling”, or
“causality”.

Category theory provides a precise mathematical language
for such process-based framework. For example, in categorical
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terms, objects represent system types, while morphisms represent
processes or transformations between them. Composition of
morphisms captures sequential processes; identity morphisms
represent trivial or null transformations. For physical theories,
monoidal categories introduce a tensor product that formalizes
parallel composition of systems and processes. Additional
categorical structure—such as symmetry, dagger operations,
and compact closure—supports duality, reversibility, and the
representation of entanglement through diagrammatic “cups” and
“caps”. These cups and caps represent Bell states and effects, which
suffice to generate all entangled states and multi-partite operations
in a T-compact category (Coecke, 2008). These structures allow
one to reason rigorously about composite quantum systems
and their transformations without presupposing a particular
Hilbert-space realization. Importantly, any diagram for entangled
quantum systems must be connected through at least one wire,
while for unentangled quantum systems must be disconnectable.
Furthermore, these diagrammatic representations naturally lift
from pure-state to mixed-state quantum mechanics, where cups
and caps between pure quantum channels and their adjoints
represent the maximally mixed state and partial trace (Selinger,
2007; Coecke, 2008).

Diagrammatic calculi emerging from this categorical
framework—most prominently in what has come to be known
as QPic—replace symbols with string diagrams as the primary
representational medium (Coecke and Kissinger, 2017). Crucially,
this is not just a pedagogical or aesthetic choice. Diagrammatic
representations make explicit the compositional and relational
structure of quantum processes, allowing causal dependencies,
information flow, and constraints such as no-signaling to be
seen directly. Algebraic equalities correspond to topological
equivalences of diagrams, and many foundational results—such
as teleportation, unitarity, and no-broadcasting—admit proofs
that are both more general and more explanatory than their
operator-based counterparts.

This framework resonates strongly with process philosophy
(Whitehead), which holds that processes are ontologically prior to
independently defined objects. In categorical quantum mechanics,
by contrast, objects function primarily as interfaces—placeholders
marking where processes begin and end—while morphisms carry
the substantive content. Knowledge, in this sense, is not the
possession of a static symbolic description, but an understanding
of how processes compose, constrain one another, and give rise to
observable phenomena.

Seen in this light, diagrammatic approaches to quantum theory
do not compete with Hilbert-space formalisms so much as they
reorient what it means to 'understand’ quantum phenomena. The
shift is not just representational but also ontological because the
focus shifts from states to processes, from objects to relations.
The philosophical significance lies not in adopting a particular
formalism, but in recognizing that certain mathematical languages
are better suited to expressing a process—and, correspondingly, to
supporting forms of understanding grounded in composition and
relationalism.

Within this perspective, category theory can be understood
as providing a formal ontology of processes. Objects function
primarily as placeholders for the inputs and outputs of processes,
while morphisms carry the substantive content, representing
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TABLE 2 Advantages of process-centered, diagrammatic framework.

Conceptual

Process-centered diagrammatic

dimension framework

Explicit Diagrammatic representations make composition explicit,

composition rendering causal structure, dependencies, and constraints
directly visible. Features such as no-signaling, locality, and
complementarity often emerge transparently, rather than
remaining implicit in algebraic or index-heavy

formulations.

Diagrammatic Categorical frameworks support proof styles in which

proof styles reasoning proceeds diagrammatically or topologically.
Such proofs are often more compact and conceptually
illuminating than matrix-based calculations, emphasizing

structural necessity over component-level manipulation.

Generality Many arguments hold across broad classes of process

across theories theories without assuming a specific Hilbert-space
realization. This enables transferability across domains
and conceptual unification spanning quantum physics,

quantum information, and networked systems.

Higher-order Categorical quantum mechanics naturally accommodates

processes higher-order processes—processes whose inputs or
outputs are themselves processes—as well as causal
constraints and scenarios involving indefinite causal order.
Category theory provides the formal tools required to
rigorously articulate these structures.

Uniform Key results, including no-signaling, no-broadcasting,

Diagrammatic unitarity, and teleportation, admit diagrammatic proofs

Theorems that apply uniformly across many models of quantum-like
behavior, clarifying why such results hold rather than
merely that they do.

Explicit Because compositionality is built directly into the syntax,

information diagrams display how processes depend on one another:

flow which systems interact, which operations occur in parallel,
and how information flows, avoiding the black-box
character of operator-based approaches.

Alignment with The process view aligns closely with interaction, temporal

physical reality evolution, causation, measurement, and entanglement,
avoiding the elevation of representational artifacts—such
as basis choices or coordinate systems—to fundamental
physical status.

Structural The diagrammatic paradigm promotes structural

explanation explanations: outcomes arise because networks of

processes are composed in particular ways, providing

deeper insight into why physical effects occur beyond

procedural or computational accounts.

transformations, interactions, or evolutions. Table 2 identifies the
advantages of this process-centered diagrammatic framework.

Here, we next juxtapose a single quantum process expressed
in different representational regimes to make the underlying
frameworks visually explicit. Figure 2 presents two calculations
verifying the quantum circuit for the standard construction of the
Bell state. This is the simplest and first example of an entangled
quantum state that students typically encounter.
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Although both these calculations, diagrammatic and matrix-
based, can be considered teachable to young learners, the matrix-
based approach is not transferable to large quantum computations.
This limitation is inherent to scalability: a quantum computation on
n qubits is described by exponentially large matrices consisting of
2" by 2" complex numbers. Many quantum concepts require at least
3 qubits to approach, necessitating size 8 by 8 matrix calculations
which are cumbersome and easy to make mistakes on.

Similarly, for another advanced topic—quantum teleportation,
Figure 3 illustrates the same quantum protocol through two
different lenses, emphasizing that one representation doesn’t
supersede the other, but rather to expose how different formalisms
foreground different aspects of the same physical reality. On
the left, the traditional Hilbert-space approach relies on vectors,
operators, and matrix gymnastics—yet often conceals the relational
and compositional structure of quantum processes behind layers
of symbolic manipulation. On the right, the QPic diagrammatic
formalism translates the same process into intuitive visuals
without compromising mathematical correctness: wires, boxes, and
topological connections make entanglement, measurement, and
communication immediately visible.

These side-by-side comparisons are intended to contrast how
the calculation is organized and what structural features are
made explicit. The comparison thus illustrates how ontological
commitments about what is taken to be primitive—states or
processes—translate into different modes of calculation and
explanation.

What is at stake, therefore, is not just a difference in
notation, but a difference in epistemic access. In the symbolic
algebraic framework, understanding is frequently mediated
through symbolic manipulation and post-hoc interpretation,
whereas in the diagrammatic framework, many constraints and
dependencies are apprehended directly through spatial and
topological relations. Entanglement, for instance, appears not as a
property of a state vector but as a structural feature of the network
of processes; measurement is represented not as an abstract
projection operator but as an interaction that reshapes the flow of
information.

We now focus our attention from advantages to consequences,
examining how different ontological commitments
Table 3 places
side by side,

shape
Hilbert-space and
revealing how a

representational practice.
diagrammatic formalisms
representation determines what is made explicit, what is left
implicit, and how reasoning proceeds.

Although both paradigms are formally equivalent in their
expressive power, they differ markedly in how that power is
cognitively assessed. These differences do not concern what can be
expressed, but rather how understanding is formed, motivating the
discussion in the next section.

3 Cognitive advantages: an
intuition-perception-comprehension
hybrid

Classical philosophical traditions positioned mathematics as
a purely formal enterprise, from Hilberts formalism to Carnap’s
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Comparison of Bell state calculations: top using diagrammatic QPic notation, bottom using Hilbert space formalism (matrix notation). (a) Bell state
circuit calculated using QPic. (b) Matrix calculation of the same circuit.
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Comparison of quantum teleportation protocol calculations reprinted from Dundar-Coecke et al. (2023). Left: Using Hilbert space formalism (bra-ket
notation). Right: Using diagrammatic QPic notation. (a) Bra-ket calculation of quantum teleportation protocol. (b) Diagrammatic calculation using

TABLE 3 Representational consequences across comparative aspects in Hilbert-space vs. diagrammatic formalisms.

Hilbert-space formalism

Diagrammatic (QPic) formalism

Nature of processes

Quantum processes represented via linear algebra: state vectors, tensor

products, linear operators, and matrices.

Quantum processes represented diagrammatically as morphisms;

boxes denote processes and wires denote systems.

Compositionality

Sequential and parallel composition encoded algebraically through

tensor products and index structure.

Sequential and parallel composition explicit in diagram topology;

compositional structure is directly visible.

Information structure

Causal dependencies and information flow are implicit and must be

reconstructed symbolically.

Causal structure, entanglement, measurement, and information flow

are directly visible in the diagrammatic structure.

Reasoning Reasoning proceeds via symbolic manipulation, matrix algebra, and Reasoning proceeds diagrammatically or topologically, emphasizing
component-wise calculation. structural necessity over calculation.

Generality of Arguments are typically tied to specific Hilbert-space realizations and Arguments apply uniformly across broad classes of process theories,

arguments representations. independent of a fixed Hilbert-space realization.

Cognitive load

High cognitive load due to index tracking, symbolic bookkeeping, and

algebraic inference.

Lower cognitive load; promotes visual, relational, and structural modes

of understanding.

Explanatory emphasis

Prioritizes numerical prediction; structural relations are obscured.

Promotes structural explanation, clarifying why outcomes arise from

compositional architecture.
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logical positivism (Carnap, 1959), treating it as a symbolic system
governed by explicit rules—a self-contained domain of signs.
Within this framework, mathematical entities such as numbers,
sets, and operations are manipulated through a precise logical
syntax, where truth emerges not from observation but from internal
consistency—the archetype of formal reasoning—abstract and rule-
bound (Whitehead and Russell, 1910-1913; Shapiro, 2000; Sieg,
2013).

In recent years, there has been growing recognition that,
although symbolic mathematics has long been seen as the language
of physics, it is not necessarily the language through which
the mind thinks about the physical world. While symbolic
formalisms are highly effective at capturing physical regularities
and enabling precise prediction, their descriptive success does
not imply that they mirror the cognitive mechanisms by which
such knowledge is formed, understood, or manipulated. For
example, symbolic operations alone have proven insufficient to
mediate a genuine dialogue between perceptual experience and
abstract cognitive processes. This limitation becomes especially
salient in mathematical thought—and in quantum theory in
particular—where understanding appears to depend on a dynamic
feedback loop between perceptual intuition and formal abstraction,
preserving the dual character of mathematical knowledge as
both discovered in nature and invented by the mind. It
must be discovered because mathematical relationships may
exist independently of human minds, revealing themselves
through systematic exploration of the physical world; and
it is also invented because the very languages, formalisms,
and representational systems through which we access these
relationships are human constructions—products of our cognitive
architecture and linguistic practices.

Evidently, the human mind draws on a diverse repertoire of
cognitive tools in both discovery and invention (Tversky, 2013,
2019; Kahneman, 2011). Understanding mathematical thought
therefore requires attending not only to the formal structures that
describe physical reality, but also to the cognitive mechanisms
through which those structures become intelligible, learnable and
usable. Evidence from cognitive science reveals a far more dynamic
picture of the contexts in which the mind is best at, challenging
the longstanding detachment of mathematics from perceptual-
cognitive processes. In this section, we discuss some of the most
relevant cognitive approaches that shed light on this relationship.

3.1 Bridging human intuition and quantum
abstraction through this hybrid

Traditional approaches to teaching quantum theory, grounded
in algebraic operations within Hilbert spaces, pose exceptional
challenges to human mind. Such methods rely on dense formal
systems that demand extensive working memory, sequential
reasoning, and the ability to navigate complicated abstractions.
Even in learning algebra alone, learners often need to translate
external notation into an “inner code” that the mind can
manipulate (De Cruz and De Smedt, 2013). In quantum mechanics
the cognitive demand is even greater because learners must retain,

transform, and recombine multiple symbolic derivations within

Frontiers in Cognition

10.3389/fcogn.2026.1790789

working memory, often struggling to extract coherent structural
insight from sequences of procedural operations.

This limitation raises a deeper question: how can quantum
mathematics be structured so that it aligns with human cognitive
strengths? Addressing this question requires examining the nature
of symbolic thought and acknowledge the long history of how
humans have learned to internalize, reproduce, and manipulate
mathematical relations—from basic intuitions of numerosity to
higher-order abstract operations through training.

Crucially, this process has never been completely abstract. To
master mathematical reasoning, the mind must navigate at least
two complementary dimensions of symbolic thought: symbols as a
reference to objects and symbols as representations of procedures
(Sfard, 1991). A symbol such as 7, for example, can refer to a
numerical entity 3.14159265 - - - yet it also represents an operation:
in Euclidean geometry, 7 expresses the process of dividing a circle’s
circumference to its diameter. This dual function is the central
to the power of mathematical notation. By stabilizing fleeting
mental operations, symbols convert transient cognitive acts into
manipulable objects of thought. Mathematics, in this sense, is not
just a language of abstraction but a cognitive technology: one that
extends the mind’s capacity to perceive, construct, and transform
structure.

Over centuries, this technology has been refined through
symbolic compression. Operations once expressed verbally were
condensed into signs like +, /, or -, enabling abstract processes
as tangible cognitive objects that scaffold the development of
higher order reasoning, including algebraic and analytical thought
De Cruz and De Smedt (2007). Yet symbolic compression comes at
a cost: as symbols become increasingly detached from perceptual
grounding, they risk obscuring the very structures they were
designed to reveal.

More recent cognitive accounts make this limitation explicit.
Intuitionism, for instance, offer a bold rethinking of how
mathematical knowledge is constructed and understood.
Proponents of this view position mathematics as an active,
living process of construction, suggesting that mathematical
knowledge is meaningful only when it can be mentally constructed
by the thinker—an idea that directly challenged the Platonist view
of mathematics as a realm of objective, mind-independent truths
(Brouwer, 1913). Drawing on embodied cognition and enactivism,
mathematical concepts do not float above/beyond perception
and action, but instead rooted in the body’s interaction with the
world—through perception, sensory-motor activity, and relational
cognition (Lakoff and Nudez, 2000; Nuiez, 2017). Numbers,
operations, and geometrical forms are thus understood as evolving
mental models shaped by interaction with structure, relation, and
pattern.

Empirical research in mathematical cognition consistently
shows that understanding does not emerge from symbolic
manipulation alone, but from the integration of perceptual and
spatial processes with the interplay between the concrete and
the abstract (Butterworth, 1999; Lakoff and Nufez, 2000; Dehaene,
2011; De Smedt et al., 2013; Nuilez, 2017). Human thought is not
confined to linear symbolic manipulation, it is inherently relational,
visual, and dynamic—echoing both Euclidean geometric intuition
and Leibniz’s vision of a characteristica universalis, a calculus
grounded in relational thought.
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The issue with pure symbolic reasoning in the quantum realm
is that it linearizes thought, forcing inherently dynamic non-linear
relations to unfold sequentially step by step and in doing so, it
fragments structural coherence. The human mind, by contrast,
does not operate as a serial processor of symbols; it excels at
perceiving wholes, mapping relations, and integrating patterns
in parallel. Visual and spatial systems are tuned for structural
reasoning, for seeing how parts cohere within a system, rather than
parsing strings of symbols (Monti et al., 2012; Slotnick et al., 2005;
Tolmie and Diindar-Coecke, 2020; Mock et al., 2018).

It is against this cognitive backdrop that the shift introduced
by QPic and more generally, by graphical algebraic approaches,
becomes significant. In classical mathematics, the fundamental unit
of reasoning is the symbol corresponding to the object; in QPic,
it is the diagram—a compositional morphism/processes. Meaning
no longer emerges solely from syntactic manipulation, but from
structural connectivity. Such a shift transforms not only how we
calculate, but also how we conceptualize knowledge, mirroring
a relational, process-oriented view in which physical systems are
understood as networks of interaction rather than isolated entities.
By foregrounding relations, QPic reduces the Cartesian divide
between observer and observed, and between computation and
comprehension.

Because the form of mathematics we use shapes the kind
of truths we can access, a world governed by deep relationality
demands a corresponding cognitive framework. Gestalt principles
provide a cognitive rationale for this alignment, explaining how
the mind organizes perceptually grounded structures and revealing
the advantage embedded in QPic’s compositional logic. The roots
of this compositionality trace back to classic Gestalt principles—
grouping, continuity, similarity, proximity, Pragnanz (simplicity),
and common fate (Wertheimer, 1923; Koftka, 1935): Rather than
perceiving isolated fragments, the mind apprehends relations
among elements. QPic leverages this tendency by presenting
quantum processes as holistic perceptual structures, enabling
learners to intuit relational coherence before engaging with formal
syntax. When elements move or transform together, the mind
perceives them as unified (common fate); when information is
incomplete, it fills the gaps intuitively, restoring coherence from
continuity and structural cues.

While learning QPic, learners benefit from engaging with
visually and metaphorically grounded components—such as
spiders, cups, and wires, etc.—rather than relying solely on
symbolic interpretation. This resonates with conceptual metaphor
theory, which shows that abstract concepts are often grounded in
mappings from sensorimotor domains, scaffolding understanding
by linking unfamiliar structures to perceptually accessible forms.
This perspective is also consistent with hierarchical models of visual
cognition [see Treisman and Gelade (1980)], particularly the idea
of feature integration, in which local perceptual elements, such as
directionality or causal flow, progressively combined into coherent
wholes.

Taken together, these perspectives point to a broader
evolutionary insight: relational, visual, and causal reasoning
constitutes one of humanity’s earliest cognitive technology—a
survival mechanism that predates language itself (Donald, 1991).
QPic draws on this ancestral capacity, harnessing visuospatial

Frontiers in Cognition

10.3389/fcogn.2026.1790789

processing to represent transformation and relational structure in
ways that are perceptually natural. In doing so, QPic reconnects
quantum mathematics with the brain’s intrinsic architecture for
understanding that symbolic notation alone cannot achieve.

3.2 Cognitive pathways are potentially
distinct in learning diagrammatic algebra:
insights from behavioral studies

Across multiple experiments and teaching practices, we have
observed that calculations in diagrammatic algebra engage multiple
cognitive pathways simultaneously. One possible explanation is
that the visual-compositional nature of the formalism reduces
cognitive load: once learners internalize its compositional
rules, they can mentally simulate quantum processes through
pattern-recognition, perceptual grouping, and intuitive structural
mapping—mental operations that allow relational structure to
be grasped holistically rather than assembled sequentially as in
symbolic computation.

One way to characterize these cognitive pathways is to examine
how learning unfolds across symbolic and diagrammatic modes
of reasoning. Bloom’s Taxonomy, a widely used framework in
educational psychology, provides a useful lens for this analysis
by describing learning as a progression from basic encoding
and recall to higher-order mental processes (Bloom etal., 1956;
Anderson and Krathwohl, 2001). In its revised formulation, the
taxonomy distinguishes six levels of cognitive engagement—
Remember, Understand, Apply, Analyze, Evaluate, and Create—
providing a descriptive lens for examining how instructional
practices distribute cognitive effort across different forms of
understanding. Here, it can be used as an analytical tool to assess
whether pedagogical approaches primarily support lower-level
procedural learning or facilitate access to higher-order conceptual
reasoning.

When examined through this taxonomy, a substantial body of
empirical research in physics and quantum education indicates that
traditional, symbol-dominated instructional methods concentrate
learner activity in the lower tiers of the hierarchy.

Empirical studies report that learners spend most of their
time mastering symbolic manipulation, procedural problem
sets, and rote conceptual recall (Krijtenburg-Lewerissa etal.,
2017; Scottish Qualifications Authority, 2024)—activities that sit
primarily within the Remember and Understand levels illustrated
in Figure 4a. The consequence is a cognitive bottleneck: even
advanced learners may develop procedural fluency without gaining
structural insight, as their reasoning remains sequential, algebraic,
rule-based rather than relational.

Singh (2008) reviews research on students’ reasoning, problem-
solving, and metacognition in upper-level quantum mechanics,
emphasizing that students commonly rely on algorithmic
manipulation and struggle to coordinate representations and
interpret formalisms—again consistent with the bottleneck before
higher-order reasoning becomes robust. Similarly Johnston et al.
(1998) presents empirical data documenting student difficulties
(misconceptions, representational confusion, weak coherence
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Create: Design, develop, formulate,
author, investigate

Evaluate: Argue, defend, judge, select,
support, value

Analyse: Organize, relate, compare,
distinguish, question, test

Apply: Execute, implement, solve, use,
interpret, operate, sketch

Understand: Classify, describe, discuss,
explain, identify, recognize

Remember: Define, duplicate, list,
memorize, repeat
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FIGURE 4

learning. (b) Adapted Bloom’s Taxonomy for QPic.

Comparison of the hierarchical structure of Bloom'’s Taxonomy (left) with its adaptation for QPic-based learning (right). The QPic framework
reconfigures the hierarchy into a recursive and integrative process. Rather than isolating cognitive operations into discrete stages, QPic enables
learners to engage multiple cognitive operations simultaneously and iteratively, without diluting mathematical rigor. (a) Original Bloom's hierarchy of

Create: Develop new representations by
coordinating symbolic and diagrammatic
formalisms

Evaluate: Validate and optimize models
and reasoning steps

S
Analyse: Decompose systems using
relational logic

=
Apply: Apply diagrammatic rules to
simulate processes

Understand: Interpret representations
and relations

Remember: Recall quantum concepts
and rules
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between maths and meaning), which helps justify the “bottleneck”
claim in Bloom terms. Further, studies reviewing research-based
approaches to quantum teaching and learning (Donhauser et al.,
2024) compare learning efficiency across different instructional
designs and highlight a strong trend toward introductory
treatments of the broad and differentiated field of quantum science.
(2023)
reasoning framework, the Quantum Abacus framework, and

German et al. presented another diagrammatic
compared it to the QPic framework through proofs of the GHZ
state and quantum teleportation. QPic’s graph-rewriting techniques
revealed process invariance and systemic relations directly, while
the Abacus approach offered a “slow-motion replay” of sequential
evolution. By compressing temporal and procedural sequences
into structural form, diagrammatic reasoning promotes conceptual
synthesis, relational understanding, and creative manipulation,
rather than rote repetition.

Effective learning typically involves a recursive process that
engages multiple cognitive levels—from basic recall to analytical
reasoning, and higher order creative synthesis. In this context,
teaching quantum theory exclusively through symbolic methods
presents a substantial challenge. This difficulty is amplified by
the mathematical prerequisites of symbolic formalisms, such as
linear algebra and complex numbers, which can delay access to
conceptual understanding, particularly at early stages of instruction
(Krijtenburg-Lewerissa et al., 2017).

In contrast, experience with teaching QPic shows that
the diagrammatic paradigm disrupts traditional symbolic-bound
reasoning, it shifts the locus of understanding from procedural
execution to active meaning-making. Comprehension emerges
organically through the dynamic interplay of perception and
structure: perceptual recognition helps reveal patterns, recognition
enables systematic transformation, and transformation gives rise to
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creative construction, as learners generate their own diagrams as
part of problem-solving steps. In doing so, lower-level perceptual
and procedural skills are progressively integrated into higher-
order conceptual insights, allowing learners to analyze, evaluate,
and create relational systems (Figure 4b) much earlier in their
training than would be possible with purely algebraic methods. Of
course, this does not imply that such higher level capabilities are
exclusive to diagrammatic thinking, rather, experienced learners
often develop them by flexibly coordinating symbolic and non-
symbolic formalisms.

We consistently observed that after only 1-2 h of course
instruction, the students develop familiarity with mental
organization of concepts in a two-dimensional as opposed
to one-dimensional representation, drawing diagrams such
as in Figure5. Crucial in quantum information theory, the
interchangeable properties of space and time are natural to express
through diagrammatic reasoning, facilitating ease of transition
from informal exposure to quantum concepts to re-understanding
the same diagrams interpreted with full mathematical formality.
Indeed, the quantum teleportation protocol is taught twice in
the QPic curriculum in order to reinforce the concepts, adding
more specificity and complexity of explanation on each revisit.
At the end of the course, the students exhibited indications of
ability to create, the highest level of Bloom’s Taxonomy in Figure 4:
Students performed highly on the final exam, including the
most conceptually difficult question, which tasked them to create
multiparty quantum communication protocols and prove their
correctness (Diindar-Coecke et al., 2025).

This integrative potential aligns with well-established accounts
of cognitive mechanisms, such as mental animation highlights the
mind’s capacity to simulate dynamic processes (Hegarty, 2004);
spatial scaffolding demonstrates how perceptually structured
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At the end of the first week's tutorial of the QPic course, every student drew and shared a diagram they drew in under 5 min (Dundar-Coecke et al.,
2025). These three students’ diagrams exemplify conceptualizing that mathematical operations can be represented as processes (Left), that processes
can be occur in sequence at the same space or in parallel at the same time (Center), and that different processes are composable together to form a
more complex process (Right). (a) Arithmetic. (b) Space and time. (c) DNA replication.

information can reduce cognitive load and clarify complex
patterns (Tversky, 2013); analogical transfer provides a mechanism
for mapping structural relations across contexts (Gentner,
1983). Future research should explore how the perceptual
and spatiotemporal components of diagrammatic formalisms
enhance engagement with abstract quantum concepts, offering
an empirically grounded account of the cognitive advantages
suggested by these theoretical perspectives.

These observations are consistent with broader research on
cognitive architectures, which seeks to model core cognitive
abilities—including  perception, attention, memory, and
reasoning—within integrated computational frameworks [see
Kotseruba and Tsotsos (2018) for a review]. A central insight
from this literature is that different representational paradigms—
symbolic, sub-symbolic, and hybrid—offer distinct trade-offs
between formal precision and interpretability: while symbolic
systems support structured reasoning, they often struggle with
handling perceptual and context-sensitive processing, whereas
distributed approaches enhance flexibility but at the cost of reduced
transparency. From an access-oriented perspective, these trade-offs
highlight the importance of representational formats that support
both formal reasoning and direct engagement with structure—an

alignment that Qpic is well-positioned to provide.

4 Educational merits: innovating with
tech-driven pedagogy

Prior to the development of QPic, a fully diagrammatic
mathematical formalism had not been explored or implemented
in education. While diagrams have long served as auxiliary
representational tools, they have rarely functioned as the primary
medium through which mathematical structure, inference, and
problem solving are taught and learned. In this section, we examine
how learning practices can be fundamentally re-engineered
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through cross-disciplinary integration, and assess the broader
socioeconomic implications of such tech-driven pedagogy.

4.1 Cognitive elitism vs. inclusive
workforce development: empirical
evidence for early skills development
in QIST

Building on the promising outcomes of the UK pilot, 10
additional educational QPic experiments have been completed
and are currently underway across multiple countries (including
UK, Pakistan, Greece, Tiirkiye, Ghana, Sweeden, Australia, and
the USA). Each study is conducted under independent academic
supervision to ensure methodological rigor and sociocultural and
contextual validity. To varying degrees, these parallel studies mirror
the original experimental protocol and use the course materials
developed during the UK pilot, enabling cross-comparison and the
construction of a robust meta-dataset.’ Collectively, these studies
aim to assess the extent to which diagrammatic reasoning, when
used as a pedagogical framework, facilitates early acquisition of
complex QIST concepts. The integrated metadata, expected to
be completed by 2027, will provide critical insights into how
such methodologies can foster accessible, scalable, and inclusive
early skill development in one of the most cognitively demanding
scientific domains.

Each experiment had its unique setting, yet they were supported
by the QPic team to obtain an objective view of whether the QPic

1 Forinstance, in the summer of 2025, a study similar to the UK pilot study
(Dundar-Coecke et al., 2023; Diundar-Coecke et al., 2025) was conducted
in Pakistan. Two key differences were that the teaching was delivered in
person rather than online, and the teaching was completed in 1 month
instead of two. Nevertheless, the results were similar (Durrani, 2025). Another
example is a qualitative study in Sweden that focused specifically on quantum
teleportation (Kilde-Westberg et al., 2025).
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research program constitutes a genuinely tech-driven pedagogy,
and crucially, whether its overarching goal—to foster early skills
development in complex STEM domains—can be empirically
substantiated. More critically, it sought to determine whether such
an approach can help reduce cognitive elitism and promote a more
inclusive, creative, and quantum-literate workforce.

One might argue that such a vision is ambitious and necessarily
long-term. This is indeed the case. And also, there exists a central
obstacle rooted in the historical structure of today’s school systems:
modern schooling is largely inherited from the industrial era,
having been designed to optimize standardization, efficiency, and
the mass-production of a uniformly skilled workforce. Learning is
typically organized around linear curricula, age-based progression,
and assessment regimes that privilege symbolic manipulation and
procedural compliance.

Since the post-Second World War period, successive waves
of educational reform have further reinforced this orientation
by progressively dismantling the earlier tripartite structure of
education, in which different forms of intelligence are cultivated
across three pathways: (1) theoretical, (2) practical, and (3) a
combination of both theoretical and practical.

These reforms were shaped by modern psychological research
that initially reinforced fixed notions of intelligence (as exemplified
by the Trinity Psychology of Talents Aytag, 1980). Despite
alternative research proposing instead that abilities are dynamic
and particular skills can be developed given the right opportunities
in critical periods of life (e.g., Piaget, Vygotsky), the legacy of
the tripartite system has persisted and is still the backbone of
the tracking and streaming practices found in many education
systems, as shown in Figure 6. Contemporary schooling continues
to channel students along differentiated trajectories that mirror
class-based hierarchies—those identified as “academically gifted”
climb up toward higher education and leadership roles, while others
are directed toward more practical or vocational routes.

The
Darwinism, but in practice it also operationalised cognitive elitism,

tripartite structure not only implemented social
embedding the notion that talent and social value are inherently
stratified at the core of educational practices. Despite successive
waves of school reforms, the architecture of this hierarchy remains
largely intact. Contemporary schooling continues to mirror the
early 20th-century model, channeling students into differentiated
tracks: theoretical and abstract domains for those perceived as
intellectually elite, vocational paths for those labeled as practically
skilled, and intermediary routes for those navigating between
both (Aytag, 1980; Bowles, 1971). Such structures sustain what
Richardson and Bourdieu (1986) termed the reproduction of
cultural capital, ensuring that opportunity is often inherited rather
than cultivated.

On the other hand, the demands of quantum-AI driven
technological transformation call for highly differentiated forms of
talent and do not align with classical pedagogies that foreground
static knowledge, linear reasoning, and uniform outcomes.
Initiatives like QPic pose a strategic question: Can we reconfigure
access to high-level conceptual work, enabling a broader range
of learners to engage with cognitively demanding fields earlier
in their educational journey? Such an approach challenges the

systemic assumption that only a small intellectual elite can engage
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with the complexities of quantum theory. Inclusive frameworks
of this kind are no longer just educational ideals; they are
strategic imperatives for cultivating a future-ready workforce. At
present, entry into the mathematical foundations of QIST typically
occurs in late undergraduate years, with genuine mastery achieved
only at the postgraduate or doctoral level. By that stage—often
between 25s-30s—graduates are entering a workforce already
transformed by the accelerating evolution of quantum and Al
technologies. This temporal lag between learning and innovation
raises critical questions about educational return rates and
social equity.

4.2 Tech-driven pedagogy as a catalyst for
STEM ecosystem growth and future
readiness

The return rate of education has long been a key indicator from
the economics of education perspective, traditionally measuring the
private and social returns of additional years of schooling—most
often quantified through higher lifetime earnings, productivity,
and employability (Psacharopoulos and Patrinos, 2018). Within
this framework, education functions as an investment in human
capital (Becker, 1918), where learning yields measurable economic
dividends over time. However, in a world now defined by
exponential technological change, this classical cost-benefit model
is also under increasing strain. The logic of incremental educational
investment—“more years = higher earnings”—no longer maps
cleanly onto the realities of a rapidly transforming technology-
driven job market. The time lag between learning and its
application has narrowed because the half-life of skills has
changed dramatically (World Economic Forum, 2023). As a result,
relevance, adaptability, and cognitive transfer have emerged as
the new currencies of educational value (Brynjolfsson and McAfee,
2014; Autor, 2022).

In this transformed landscape, the question is no longer
simply how long individuals are educated, but how effectively
they are equipped to participate in and shape dynamic, tech-
centered ecosystems. The integration of quantum, AI, and
emerging technologies is driving an unavoidable paradigm shift
in pedagogical realm—what and how we must teach. This shift
demands an epistemic redesign—a tech-driven pedagogy—
potentially interactive, data-informed, and cognitively adaptive.
Such a model moves beyond content transmission toward
conceptual  modeling, reasoning,
synthesis—competencies essential for navigating complex, evolving

creative and cross-domain
problem spaces (Fischer et al., 2020).

The field andragogy resonates strongly with this new reality,
positioning learners as active leaders in directing their own learning
(1984); Diindar-Coecke
(2020). The rapid technological changes have accelerated this shift

trajectories Knowles and Associates
from pedagogy to andragogy, gradually eroding formal institutions’
long-held monopoly over access to technical knowledge. In its
place, hybrid learning ecosystems, largely driven by tech companies
in quantum AI and emerging technologies and platforms such
as hackathons, maker spaces, online laboratories, are redefining
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FIGURE 6

Age General education Vocational education
24 years
Master
Tertiary 21 years
Education
College 18 years College for further
education
16 years
Secondary
Education
11 years
Primary
Education 5 years
3 years

A standard (tripartite) model of educational stratification for talent differentiation.

what counts as expertise. Learning-by-doing, microcredentialing,
and problem-specific learning now rival traditional degree
pathways in both speed and labor-market impact (OECD, 2022;
McKinsey Global Institute, 2023).

Consequently, the conceptual and measurement frameworks
used to analyze human capital investments—such as the classical
age—earnings profiles (see Figure 7) comparing university graduates
to secondary school leavers—are undergoing disruption. It is
increasingly unclear whether individuals’ income and social
mobility will continue to correlate primarily with their position in
the educational hierarchy.

The emerging tech driven economy rewards specific, scarce,
and application-driven expertise—particularly in domains such
as Al, quantum computing, and advanced data analytics.
Professionals in their twenties and thirties who master these niche
skills are increasingly outpacing senior academics and industry
veterans trained under older paradigms, signaling a profound
reconfiguration of how education, expertise, and economic
value intersect.

This shift also reframes the role of education itself. As
Bowles and Gintis (1976) first observed, much of the effect of
schooling on earnings may derive not from the direct enhancement
of cognitive skills but from the cultivation of non-cognitive
attributes through educational participation. For example, in large-
scale predictive models of hourly earnings, composite measures
of non-cognitive traits (e.g., adaptability, initiative, resilience)
yield regression coefficients four times larger than those for
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FIGURE 7

Stylized age-earning profiles (adapted from Psacharopoulos, 1995:
the Profitability of investment in education).

cognitive test scores, and 50% larger than those for years of
schooling (Heckman and Kautz, 2012). This highlights that in a
tech-driven market, traits such as curiosity, flexibility, creative
problem-solving, and access to tech knowledge are becoming more
valuable than domain-specific knowledge offered by traditional
institutions.
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These trends are also reflected in labor market outcomes.
OECD data show that in the UK, for example, degree holders
in engineering, manufacturing, and computing earn the highest
median wages, while graduates in arts, humanities, and social
sciences rank among the lowest (OECD, 2024). This widening
income differentiation reflects the new “technological return rate”
of education—one governed less by institutional prestige and more
by the alignment between educational content, where economic
value is increasingly determined by cognitive adaptability, and
emergent technological ecosystems (Source: https://data.oecd.org/
eduresource/education-spending.htm).

5 Discussion

In this work, we examined the merits of diagrammatic
formalism from a holistic and integrative perspective, structuring
the analysis around three interrelated dimensions: epistemological,
cognitive, and educational. Together, these dimensions articulate
not only how diagrammatic formalisms function, but why they
matter for understanding, learning, and knowledge production in
contemporary science.

e Section 2 focused on the epistemological value—what we know
and how—situating the formalism within broader debates in
the philosophy of mathematics and physics, and contrasting
object-centered and symbol-dominated approaches with
process-centered and diagrammatic modes. The aim was to
clarify what it means to know in a framework where relations,
transformations, and composition are primary.

e Section 3, outlined the cognitive advantages of intuitive-
perceptual-comprehension hybridization. Here, we drew
on cognitive science and learning theory to explain how
diagrammatic and relational representations align with
human perceptual and reasoning capacities. This section
focused on how understanding emerges through visualization,
interaction, and constructive manipulation, enabling learners
to grasp complex quantum structures earlier and with reduced
cognitive overhead.

e In Section 4, we discussed educational merits to innovating
with the same pedagogical tools driving technology. This
section explored how such representational frameworks
can inform the design of future learning environments
that integrate AI, simulation, and interactive tools. Rather
than treating pedagogy as a downstream application, we
argued that formalism itself can function as a pedagogical
technology—reshaping curricula, assessment, and learner
trajectories in ways better suited to contemporary scientific
and technological demands.

The central question raised by this work is not whether
quantum theory can be taught differently, but whether our
prevailing conceptions of understanding are adequate for the
kinds of knowledge contemporary science now demands. Quantum
phenomena expose the limitations of object-centered, symbol-
dominated epistemologies, revealing instead the need for modes of
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reasoning that are relational and processual. What is challenging
here is not a curriculum, but an epistemic inheritance.

If education is to prepare learners not only to compute
outcomes, but to grasp structures, causal relations, and spaces of
possibility, then the challenge before us is less one of curricular
innovation than of epistemic recalibration—an invitation to
rethink what it means to know, to learn, and to reason in a
world increasingly shaped by QIST and Al—domains in which
understanding is inseparable from interaction, composition, and
transformation.

This recalibration is opposite what contemporary schooling
has privileged: abstract, decontextualized symbol manipulation as
the primary marker of intellectual achievement. Such narrowing
underutilizes core human cognitive capacities—evolutionarily we
are equipped not only for symbolic reasoning, but for perceiving
structure, aligning relations across representations, simulating
dynamic processes, and constructing understanding through
action. These capacities are precisely those required to engage
with non-classical systems, integrate multiple representational
modalities, and reason productively about complex, intelligent
technologies.

Seen in this light, diagrammatic and process-oriented
instructional innovations are not incremental innovations but
signals of a deeper pedagogical shift—one that connects advanced
scientific reasoning with forms of cognition that integrate
theoretical insight, perceptual grounding, and constructive
practice. The significance lies in improved accessibility, intuition,
and their alignment with how understanding itself is formed—
through the active organization of relations rather than the passive
manipulation of symbols.

More broadly, we are witnessing the emergence of a new
cognitive economy, in which human capital is dynamic and co-
evolves with technological systems. The purpose of tech-driven
pedagogy is more oriented toward cultivating adaptive, structurally
informed thinkers—individuals capable of learning how to learn, of
reasoning across representational forms, and of engaging creatively
with systems that themselves evolve. The value of education can no
longer be measured solely in years of schooling, but in the capacity
for adaptation, innovation, and systemic thinking, which are most
effectively cultivated through early exposure to cognitively rich and
relevant frameworks. By introducing QPic, we create a corridor for
such adaptive development.
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